This article describes two related studies that began to explore the validity of scores from select-and-fill-in (SAFI) concept map assessments as measures of students' connected understanding of science. Scores from SAFI maps created for this purpose and used with middle school students and undergraduate astronomy students possessed high internal consistency and exhibited large mean increases with increased domain exposure. SAFI scores were strongly related to scores from a standardized multiple-choice (MC) achievement measure for middle school students; work with individual students suggested that they used strategies requiring connected understanding to successfully complete the maps. SAFI scores from undergraduate students exhibited large relationships with scores from direct-instruction MC exams and scores from a relatedness ratings measure, taken together and separately. Results provide initial evidence of the validity of scores from SAFI maps as measures of connected understanding of science in middle school and undergraduate introductory science students.
In the field of education, some of the most useful models that address cognitive processes suggest that knowledge must be organized to be accessible from long-term memory (see, for example, J. R. Anderson, 1995; FarnhamDiggory, 1992) . According to such models, expertise is attained by develop-ing rich, accurate, relevant, and accessible sets of organized knowledge (Marshall, 1995) . That is, expertise requires "connected understanding," understanding of both concepts and the connections among concepts .
The current work on national educational standards and goals in the United States affirms this approach by emphasizing the importance of connected understanding, especially in science learning. The Benchmarks for Scientific Literacy (American Association for the Advancement of Science, 1993) explicitly emphasizes the importance of "coherence and connectedness" (p. XVI) in science learning, stating that "a central Project 2061 premise is that the useful knowledge people possess is richly interconnected" (p. 315). Similarly, in regard to assessment of this kind of learning, the National Science Education Standards (National Research Council, 1996) indicates that "assessment processes that include all outcomes for student achievement must probe the extent and organization of a student's knowledge" (p. 82).
Connected Understanding Assessment Formats
Three general assessment formats were important to the present study. These formats included concept maps, relatedness ratings (RR) techniques, and multiple-choice (MC) exams.
Generated Concept Maps
Concept maps have been used extensively in K-12 classrooms, especially to assess connected understanding in science. In these maps, concept words (or phrases) often are referred to as nodes and placed in a geometric shape, usually an oval or rectangle. The connecting structures between the nodes are called links and usually are represented by labeled lines or arrows. A proposition, then, is defined as two concepts connected by a labeled link; it can be considered the basic unit in connected understanding (see Jonassen, Beissner, & Yacci, 1993; Shavelson, Lang, & Lewin, 1994) . For example, "atmosphere surrounds earth" is a proposition commonly included in middle school earth science instruction.
Although many approaches can be used with concept maps, the most widely used application has students generate their own maps (e.g., SCHAU ET AL. 137 The middle school work was performed by the first two authors and the last author and was supported in part by funds to the first author from Los Alamos National Laboratory. The postsecondary work was performed by the first four authors and supported in part by the National Science Foundation Grant DUE-9253983 to the third author. We would like to thank the students, teachers, and TOPS staff who formed a critical part of our team. Ruiz-Primo & Shavelson, 1996; Shavelson et al., 1994) . In most applications of this format, students arrange important concepts into a map and connect them with links that they label. Students either generate their own concepts or use concepts that are provided to them. The students must have an understanding of interconnected groups of propositions to draw an adequate map, and they can represent their connected understanding of a domain with many different maps. Students can see a representation of the domain being assessed take form as they draw their maps. Once students have drawn maps, these maps can be scored quantitatively based on their characteristics using various scoring schemes (e.g., Liu, 1994; Novak & Musonda, 1991; Rice, Ryan, & Samson, 1998) . Student-generated concept maps have at least three limitations as an efficient format for assessing learning. First, students must learn how to draw concept maps and then actually draw them, processes that are time-consuming and can be tedious and frustrating. Indeed, some students (and instructors) do not like to and so will not draw concept maps (e.g., T. H. Anderson & Huang, 1989; Barenholz & Tamir, 1992) . Second, there is no universally accepted and simple scoring system for generated concept maps (see Shavelson et al., 1994) . Third, the quality of student-generated maps depends heavily on the individual's communication skills (Schau, Mattern, Weber, Minnick, & Witt, 1997) .
RR Techniques
RR assessments have been developed and continue to be used primarily by experimental psychologists to assess connected understanding, called structural knowledge in this research area (e.g., Goldsmith, Johnson, & Acton, 1991; Johnson, Goldsmith, & Teague, 1995) . This assessment process involves eliciting students' structural knowledge of a domain indirectly. Each student's structural knowledge typically is then compared with an expertderived domain structure and can be represented both visually as a map and numerically as a score. The visual characterization requires the use of a computer software program such as Pathfinder (Schvaneveldt, 1990) or a statistical package that includes multidimensional scaling techniques.
For example, a typical RR item asks students to indicate the degree of relatedness between a pair of concepts, such as earth and atmosphere, using a Likert-type numeric scale. Students do not characterize the nature of this relationship with a label. Each RR item can be considered one isolated proposition with an unlabeled link. The complete RR measure, then, usually consists of a set of propositions that together implicitly represents the domain being assessed.
The RR format has at least five limitations as an efficient method of assessing connected understanding in school settings. First, it is not obvious to teachers or students how RR techniques can assess something as important as connected understanding; thus, motivation to complete these formats can be low. Second, students do not see the map representation of their connected understanding as they complete RR tasks. Third, when maps are generated from RR data, the links in the maps are unlabeled, and many researchers and educators believe that labeled links are an important aspect of teaching and learning for connected understanding (e.g., Novak & Gowin, 1984) . Fourth, as students rate the relatedness of a specific pair of concepts, they may not perceive the domain context surrounding the pair; judging the degree of relatedness without a sense of the context is difficult. Fifth, most of the published research using RR approaches has been done with college students; hence, it is not clear that elementary or even middle school students could or would do these kinds of tasks.
MC Tests
In research examining the validity of scores from generated concept maps and RR measures, MC test scores serve as a common comparison measure. MC tests may cover knowledge obtained from recent direct instruction (e.g., items in a unit test or a course final) or overall proficiency in one or more broad domains as is assessed by standardized achievement measures.
Although other approaches are possible, it is often the case that an MC item contains one or a few propositions. Students select a response that often corresponds to a node in one of those propositions. Each item is relatively limited. The complete MC exam may consist of a set of propositions that together implicitly represents the domain being assessed.
Correlations between student-generated concept map scores calculated using a variety of scoring methods and direct-instruction MC test scores usually fall in the .40 to .60 range (Rice et al., 1998; Ruiz-Primo, Schultz, Li, & Shavelson, 1998; Ruiz-Primo, Shavelson, & Schultz, 1997) . Correlations reported by Cawley, Zimmaro, Van Meter, and Theodorou (1999) were much lower (-.30 to .23). However, the researchers gave no indication of the reliabilities of the MC exam scores, and the reliabilities of the map scores varied greatly (.58 to .91) . Correlations between map scores and scores from standardized MC achievement measures assessing the same general domain often range between .65 and .85 (e.g., T. H. Anderson & Huang, 1989; Rice et al., 1998) .
In the one study we found that examined the relationship between scores from RR measures and from direct-instruction MC scores assessing the same knowledge domain, resulting correlations were only .22 and .39 (Diekhoff, 1983) . Correlations of scores from RR tasks and from standardized MC measures usually are in the range of .45 to .60 (e.g., Goldsmith et al., 1991; Johnson et al., 1995) .
Fill-in Concept Maps
Another, rarely explored, concept map format uses fill-in maps. Keeping an expert-drawn concept map structure intact, some or all of the concept words and/or linking words are omitted. Students fill in these blanks either by generating the words to use (called "generate and fill in") or by selecting them from a set that may or may not include distractors (called "select and fill in" or SAFI) . Surber (1984) may have been the first to use the fill-in concept map format as an assessment approach. Naveh-Benjamin, Lin, and McKeachie (1995) also used a fill-in approach with hierarchical maps containing unlabeled links.
Each SAFI map item is part of one or usually several explicitly connected propositions. The response selected by the student can be either a node or a link, depending on the kind of SAFI map being used. The map characterizes the domain explicitly, and students explicitly see their additions to the domain representation as they complete the assessment task.
In addition to our work reported in this article, two other projects have examined the relationships between scores from SAFI concept maps and from other measures. In a small study with graduate-level introductory statistics students, SAFI concept map scores correlated strongly (.85) with course grade . The second study involved high school chemistry students. Their SAFI map scores correlated .37 (for maps requiring students to fill in a selection of missing nodes) and .65 (for maps requiring students to fill in a selection of missing links) with their scores from a direct-instruction MC test. The authors reported that the lower relationship occurred because the SAFI node maps were too easy for the students, causing a ceiling effect (Ruiz-Primo, Schultz, Li, & Shavelson, 1999; Ruiz-Primo et al., 1998) . These studies did not include standardized MC domain measures.
It appears that the SAFI concept map format has the potential to overcome at least some of the limitations associated with generated concept maps, RR formats, and MC items. However, a potential major disadvantage to SAFI maps is that students are provided with a representation of the domain structure being assessed. Students do not create a unique structure representing their own connected understanding (as occurs when students generate concept maps) nor are their responses used to generate a representation of their connected understanding of the domain (as can occur with data from RR techniques).
Purpose
This article describes two related studies designed to explore the validity of scores using the SAFI concept map format as a measure of students' connected understanding of science. Study 1 explored the use of this format with culturally diverse rural middle school science students, whereas Study 2 con-tinued this work with postsecondary introductory astronomy students. Both studies were an integral part of instructional evaluation; data collection took place during regular classes. As such, these studies could not involve tight experimental controls nor could all desired measures be administered to the students. For example, it was not possible to administer measures to address divergent validity concerns in the traditional manner; instructional time was too limited to include measures that were hypothesized to be unrelated to achievement.
Score validity concerns were emphasized in these studies. Study 1 addressed concerns related to the assessment format and the cognitive processes required by students to complete the SAFI map assessment task. Studies 1 and 2 both addressed aspects of internal consistency and the relationships of map scores to those from other measures.
General Analysis Information SPSS 7.5 for Windows and 6.1 for the Mac were used for all statistical analyses. When statistical test results are reported, effect sizes also are given. Cohen's (1988) suggested effect size measures and guidelines were used to evaluate the practical importance associated with each result. For mean differences, d was calculated. d values of about .2 or less were considered small; about .5, medium; and about .8 or more, large. For correlations, the Pearson product moment correlation coefficient itself served as the effect size. Values of about .1 or less were considered small; about .3, medium; and about .5 or more, large. For multiple regression results, f 2 served as the effect size. Values about .02 or less were considered small; about .15, medium; and about .35 or more, large.
Study 1: Middle School Science
Study 1 consisted of three phases: (a) the development and informal field testing of a variety of possible concept mapping formats; (b) the creation, field testing, and revision of the most promising format, the SAFI concept map, into its final form and the development of a comparison MC measure; and (c) the testing of the SAFI concept map format with seventh-and eighth-grade students.
We hypothesized that a SAFI map format could be developed into a middle school science achievement measure that would require the use of connected understanding strategies for successful completion and whose scores would be internally consistent. The students involved in our research studied science in both seventh and eighth grade, so we also hypothesized that the SAFI concept map scores would show a higher mean score for eighth-grade students than for seventh-grade students comparable to the grade mean difference shown by scores from a standardized MC comparison measure. We also hypothesized that SAFI map scores would show convergent validity and thus correlate positively with at least medium effect sizes with the standardized MC scores for middle school students (grouped by grade level, gender, and ethnicity).
Participants
The teachers who worked on this study taught middle school science in rural New Mexico schools. Many of them were or had been participants in a science and mathematics teacher enhancement program (TOPS: Teacher Opportunities to Promote Science) designed and offered by Los Alamos and Sandia National Laboratories. The TOPS science teachers recruited colleagues from their schools who also taught seventh-or eighth-grade science. The students of these teachers were self-identified as members of one of five ethnic/cultural groups using the community-relevant terms of Hispanic American, Native American, White American, Black American, or "Other." Students were volunteers and could stop participating at any time without penalty.
Phase 1: Development and Testing of the Map Format
Phase 1 included three components. First, several different map assessment formats were created. Second, these were evaluated through group work with students in their classrooms. Third, the most promising format (SAFI concept maps) was selected and evaluated with individual students in an informal "think-aloud" protocol design.
Map format development. Based on an initial group discussion with TOPS teachers, concept maps were selected as the basic format for the connected understanding assessment. Twenty-two different map assessment formats were developed. They varied systematically based on two primary characteristics: the type of response required from the student to complete the map and the design of the map itself. Each of the formats required students to respond either by selecting answers (with or without distractors) or by generating their answers. In three of the selection formats, students were provided with "puzzle" pieces that they could move around on their maps. Map designs varied depending on what map elements were missing (words missing from nodes, links, or both), how many elements were missing (about 50%, all), and the relative placement of the missing elements (consecutive, nonconsecutive).
Map format selection. Data were collected during the regular science periods in two TOPS teachers' classrooms; about 210 students participated.
Students were introduced to the researchers, the project, and the idea of concept maps. They then viewed a video on geothermal energy to ensure that they had been exposed to the information required for potential successful completion of their map assessment formats. Groups of 3 to 6 students and 1 researcher were formed; with researcher guidance, students completed a simple example that matched their format but was unrelated to the content in their map. Next, each student was asked to complete the map format independently and silently (although there often was collaboration among group members); they then discussed their responses as a group.
Quantitative results and qualitative observations from the group work were used to identify formats that did and did not work well. All formats that included distractors were eliminated; if students chose one or more distractors early in completing their maps, these choices often made the rest of the map impossible to complete. Designs that included missing links also were eliminated because many linkage words and phrases are quite general and so often fit several places in a map. The map designs missing either all nodes or all links and those missing consecutive nodes and/or links also were eliminated as excessively difficult given the time constraint of one class period. Map formats that required students to generate responses were eliminated primarily because of scoring difficulties. The movable-pieces formats also were eliminated because large numbers of sets were time-consuming to create and attaching the movable pieces to the maps was difficult.
Individual evaluation of SAFI concept map format. Two map designs with nonconsecutive missing nodes were selected for continued testing: selecting and filling in responses from a list (SAFI map design) or from movable pieces (included in this phase of the study only as a comparison for the SAFI design). Each of 12 students from a third TOPS teacher's school was paired with a researcher. After watching the same video and completing the simple example used above, each student was asked to "think out loud" while completing the format. Their responses were recorded. The researchers did not provide feedback about the correctness of students' responses.
The results yielded four important outcomes. First, students used several different strategies to select responses. For example, they used different starting points or first surveyed the map in sections or as a whole. Second, supporting Hypothesis 1, successful strategies emphasized propositions and groups of propositions; that is, students' verbalizations suggested that they used connected understanding to complete their assessments. Third, students accepted (and some even liked) the assessment task. Fourth, there appeared to be no differences in how students approached the movable-pieces format and the SAFI format. These observations, in conjunction with the student group work results, suggested that the best format to choose for continued testing was the SAFI map format with up to half of nonconsecutive concept words removed from the map and listed on the page in a selection set.
Phase 2: Development, Field Testing, and Revision of the Draft Measures
The first draft of a comparison measure consisted of 40 items selected from the MC items that were used in the 1990 National Assessment of Educational Progress (NAEP) for students in the eighth grade and were released to the public. Each of these items was selected to assess some aspect of knowledge in the life sciences, earth sciences, physical sciences, or scientific inquiry as categorized in NAEP materials (Jones, Mullis, Raizen, Weiss, & Weston, 1992) . Students chose the best answer from the set of four options given for each item.
In addition, four expert concept maps were constructed, one to cover aspects of each of the same four content areas. Life sciences were represented by a map about plants, physical sciences by a map about energy, earth sciences by a map about the earth, and scientific inquiry by a map about the nature of scientific knowledge. Concepts were enclosed in ovals, and links between concepts were represented by labeled directional arrows. The adequacy and coverage of the four concept maps were evaluated by five teachers and four discipline experts.
Draft SAFI concept maps were created by removing 38 nonconsecutive concepts (36% of the 105 nodes) from this set of four maps; these concepts were listed in a selection set located in a corner box of the appropriate map. Students completed the assessment by selecting a response from the box and writing it in one of the blank nodes. About half of these fill-in nodes were designed to assess connected understanding of concepts similar to half of the concepts assessed in the MC comparison measure. The set of four SAFI maps and the 40-item MC measure were then combined into an "assessment packet" for completion by students individually during one class period.
Pilot field tests. The two draft achievement measures were pilot tested with 63 seventh-and eighth-grade students in four science classes taught by two TOPS teachers; Native American, Hispanic American, and White American boys and girls were about equally represented. Although almost all of the students seemed to understand the tasks and appeared capable of responding to them, it was difficult for them to complete all items in some of the classes that had shorter class periods.
Final measures. Based on the results of the field tests, the draft versions of the two achievement measures were revised primarily by redrawing parts of the SAFI concept maps and eliminating 13 MC items to shorten administration time. The final version of the map measure again included 38 SAFI nodes (again 36% of 105 nodes). See Figure 1 for one of the maps. The final version of the MC measure consisted of 27 items. Using responses from the pilot sample of students, values of Cronbach's alpha were .94 for scores on Figure 1 . One of four select-and-fill-in concept maps designed to assess middle school students' connected understanding of science.
the SAFI map measure and .85 for scores on the 27-item version of the MC measure. All items in both measures functioned adequately in their respective total scores; the alpha values could not have been increased by more than .01 through item elimination.
There are several methods that can be used to score SAFI maps. Some appear to assess connected understanding better than others do. For example, proposition scores based on correctly completed propositions (ignoring their placement in the map) or neighborhood scores based on correct placement in a group of propositions can be created. Based on our earlier work showing very high correlations (above .95) between each of these kinds of scores and the simpler overall percentage correct score, the latter was used to score the maps in this project.
Phase 3: Testing the SAFI Concept Map Format

PARTICIPANTS
Original sample. Two hundred sixty-four Hispanic, Native American, and White students of four seventh-grade teachers and 413 students of six eighth-grade science teachers from five rural New Mexican schools participated. The numbers of Black American and "Other" students were too small to include in the analyses.
Nonparticipants. Some students did not complete enough items on a measure to warrant computing a total score. Nonparticipation occurred for a variety of reasons (e.g., the student was called from the room in the middle of data collection, gave up, ran out of time, or forgot to complete the last page).
MC nonparticipants were defined as students who did not complete at least 75% of this measure. Because the maps were of differential difficulty, map nonparticipants were identified as those students who failed to complete at least 75% of all items and/or left an entire map blank. Nonparticipants on either achievement measure were eliminated from all analyses. In the seventh-grade cohort, 26 students were nonparticipants on one or both achievement measures. Eliminating these nonparticipants left 238 students in the seventh-grade sample. In the eighth-grade cohort, 16 students were nonparticipants, leaving 397 students in the eighth-grade sample.
Outlying scores. Scores that fall far from cell means can have undue influence on results. Score distributions in the most complex interactions cells (gender by ethnicity by grade) were examined to identify outliers. Scores that fell more than three standard deviations from their cell means and were discontinuous from their closest neighboring scores were considered outliers. Following the reasoning of Tabachnick and Fidell (1996) , as well as others, outliers were eliminated and cells checked again until no more outliers were identified. In the seventh-grade cohort, 2 students were outliers, leaving 236 students. In the eighth-grade cohort, 2 students were outliers, leaving 395 students.
Analysis sample. As desired, the demographic characteristics at both grade levels remained about the same as those found in the original Phase 3 sample. At each grade level, about half of the students reported that they were female: seventh grade, 48% (113); eighth grade, 51% (203). In the seventh grade, 15% (36) reported that they were Hispanic American, 48% (112) Native American, and 37% (88) White American. In eighth grade, 21% (81) reported Hispanic American, 37% (145) Native American, and 43% (169) White American.
PROCEDURE
Data were collected during regular science class periods. Before beginning each achievement measure, a researcher helped students complete an example. Order of administration of the achievement measures was approximately balanced within each classroom. For the MC items, students read each item and marked their response on an electronically scanable answer form. Students completed the map measure by writing directly on the maps. We later transferred their responses to the student's scanable answer form. This form also asked them to report grade level, class period, gender, and ethnicity. Most students completed the packet within 45 minutes.
RESULTS
The results from Phase 3 are presented in three sections: (a) internal consistency, (b) grade differences, and (c) relationships between the SAFI map and the MC scores.
Internal consistency. Scores on the measures were evaluated for internal consistency before total scores could be formed to use in the search for statistical outliers. For these analyses, all students except nonparticipants were included.
Internal consistency was evaluated using traditional item analysis techniques. The results supported the study's second hypothesis. For the seventh-grade cohort, the Cronbach's alpha value for the SAFI concept map scores was .92; for the eighth-grade cohort, Cronbach's alpha was .91. For the seventh-grade cohort, the Cronbach's alpha value for scores on the MC measure was .81; for the eighth-grade cohort, Cronbach's alpha was .79. All items in both measures at both grade levels functioned adequately in their respective total score. No alpha value could have been increased by more than .01 through item elimination.
Grade differences. Supporting the study's third hypothesis, the mean map score in the eighth grade (66% correct; SD = 21%) was 8% higher than the mean map score in the seventh grade (58%; SD = 22%), t(629) = 4.63, p < .0005, d = .38, a small/medium effect. This pattern matched that found with the standardized MC scores. The mean MC score in the eighth-grade cohort (61% correct; SD = 17%) was 7% higher than that in the seventh-grade cohort (54%; SD = 19%), t(629) = 5.12, p < .0005, d = .42, again a small/medium effect.
Relationships between SAFI map and MC scores.
Supporting the fourth hypothesis, we found strong correlations between SAFI map and standardized MC scores for students in the seventh-grade and eighth-grade cohorts, for male and for female students, and for students who identified themselves as Hispanic, Native American, and White. Each of these effects was large. See Table 1 .
Discussion for Study 1
The findings from Study 1 provided initial evidence that the SAFI concept map format can be used to develop a measure whose scores assess connected understanding in rural, culturally diverse, middle school science students. All hypotheses were supported. Strategies requiring connected understanding were used to successfully complete the maps. Item analyses indicated that the map scores possessed high internal consistency.
These students included in Study 1 had taken science throughout middle school. If the SAFI map measure assessed science achievement, the eighth-grade mean map score should have been and was higher than the seventh-grade mean score. If the map measure assessed science achievement for 148 EDUCATIONAL AND PSYCHOLOGICAL MEASUREMENT seventh-and eighth-grade male and female students from Hispanic American, Native American, and White American cultural groups, the map and MC score distributions should have correlated and did correlate strongly for each of these groups. The sizes of these relationships fell within the range of correlations typically found by researchers exploring the relationships between scores from generated concept map and standardized MC achievement measures (e.g., T. H. Anderson & Huang, 1989; Rice et al., 1998) . Clearly, these two measures assessed some of the same aspects of science achievement. Two additional kinds of comparison measures would have extended these findings: assessments based on direct instructional content and on an established structural knowledge format. Both the SAFI concept maps and the MC measure used in Study 1 assessed science achievement based on a national definition used in the NAEP report. NAEP items were used because these items were carefully constructed with input from relevant groups and materials from across the United States. A direct-instruction MC measure could not be included in Study 1 because each teacher covered different content at each grade level. Classroom exams were included as a direct-instruction comparison measure in Study 2.
In addition, a comparison assessment based on a traditional measure of structural knowledge (such as generated concept maps or RR) also would have been desirable. However, classroom time constraints precluded the use of student-generated concept maps. It would have been difficult, if not impossible, to convince middle school students to complete an RR measure. In Study 2, we were able to include an RR measure as a structural knowledge comparison measure.
Study 2: Postsecondary Astronomy
Study 2 continued to explore the viability of using scores from the SAFI concept map format as a measure of connected understanding of science. This second study included the development of a set of SAFI maps for use with undergraduate students enrolled in an introductory astronomy course and an evaluation of the convergent validity of these map scores.
We hypothesized that a SAFI map measure assessing connected understanding of introductory astronomy would show good internal consistency. We also hypothesized that SAFI map scores would assess students' connected understanding of introductory astronomy. Therefore, these scores should show a large mean gain from the beginning to the end of the course and relate positively with at least medium effect sizes to MC direct-instruction exam scores and to RR scores for students overall and grouped by gender. Unfortunately, our sample did not include enough students to examine these relationships by self-reported ethnic/cultural subgroups. We also examined the relationships of the score distributions from RR and MC mea-sures (implicit measures of connected understanding) together and uniquely with the scores from SAFI maps (an explicit measure of connected understanding).
Method
PARTICIPANTS AND SETTING
Data were collected in one of the three sections of the undergraduate introductory astronomy course for students who were not majoring in science offered at the largest state-supported university in New Mexico. The section met twice per week for 75 minutes per meeting. The instructor (the third author) had designed instruction in the course to be conceptually based. In addition to the traditional delivery methods of lectures, demonstrations, and computer simulations, he also used instructional concept maps and small student-centered focused discussion groups.
Of the originally enrolled 161 students, 129 completed the course. Fifty-eight percent reported that they were female. Sixty-two percent reported that they were White American, 20% Hispanic American, and the remainder African American, Native American, or other. Students were volunteers and could stop participating at any time without penalty.
MEASURES
A SAFI concept map measure and an RR criterion measure were developed. These measures were designed to assess the domain of introductory astronomy for nonscience majors and to be appropriate for use in this specific course. The content included in these measures was developed using the best procedures possible, given the applied setting of the course. Both measures were pilot tested in this same course during previous semesters and revised for use in this study. No attempt was made to include the same concepts in these two measures that were tested in the MC course exams, the third measure used, although there was overlap considering that the concepts measured were important to the course. SAFI concept map measure. A set of three novel master concept maps was created, each representing global connected understanding of major concepts covered in the course. Again, concepts were enclosed in ovals, and connections between concepts were represented by labeled directional arrows. These maps were not used in instruction nor were they available to students except during their pre-and postadministration. Thirty nonsequential ovals (10 per map, or 35% of the 85 total map nodes) were left blank; as was the case in Study 1, all links were left intact. The concepts missing from these blank ovals were listed in a selection set located in a corner of each map. Students selected a response from the list of 10 and wrote it into the Figure 2 . One of three select-and-fill-in concept maps designed to assess undergraduate students' connected understanding of introductory astronomy. 151 corresponding blank node; responses could be used more than once. Students then transferred the response letter associated with each answer to a scanable answer sheet and continued on to the next map. The SAFI map measure was scored based on the percentage of correct responses to 28 blank nodes. Two blank nodes were eliminated from the scoring, one because it was used to identify nonparticipants and the other because it was used as an example. See Figure 2 for one of these maps.
RR measure. Three tasks were involved in developing the RR measure: (a) selecting essential concepts, (b) determining the associations among selected concept pairs to identify related and unrelated pairs, and (c) creating the student measure. To identify the essential concepts, the course instructor first compiled a list of 200 of the more global concepts found in the glossaries of the two undergraduate introductory astronomy texts that he had authored. This list of concepts was sent to 30 experienced postsecondary astronomy instructors from across the United States; 18 returned responses. Using a 5-point Likert-type scale, each instructor was asked to rate the importance of students' understanding of the concept by the end of a one-semester introductory astronomy course for nonscience majors. The 120 concepts with the highest mean importance scores and the lowest standard deviations (indicating a high level of agreement that these concepts were important) were selected.
In the associated-pairs task, these concepts were randomly split into two sets of 60 target concepts each. Half of the same 30 instructors were sent the first set of target concepts, whereas the other half received the second set. The instructors were asked to select from the entire remaining list of 119 concepts those that were highly related to each of the target concepts. Eleven of the 15 who received the first set of target concepts returned their responses, whereas only 6 who received the second set returned theirs. To quantify the generality/ specificity of a concept in the domain of introductory astronomy, each target concept was given a "scope" score, which was the number of times any of the 17 experts selected that concept as associated with any other concept. To quantify the relatedness of pairs of concepts, each pair was given an "association" score, which was the number of times across experts those two concepts were associated as a pair. Because of the disparate return rates between the two sets of target concepts, only concepts from the first set were used for determining association scores. In creating the RR measure, related pairs were selected based on high association scores for the pair and high scope scores for both concepts in the pair, as well as appropriateness for this specific course as determined by the course instructor. Unrelated pairs used in the RR measure were selected based on low association scores, high scope scores, and appropriateness for this course. This process yielded 95 pairs, 58 related and 37 unrelated.
The pairs were randomly assembled into the students' RR measure. Students judged the relatedness of each pair on a 5-point Likert-type scale (1 = unrelated, 3 = moderately related, 5 = highly related). For example, one item asked students to rate the relatedness of "ellipse" and "orbit." Students' individual scores were computed as the point-biserial correlation between their responses to each pair and each pair's designation by the experts as related (1) or unrelated (0). For more information about the general technique, see Johnson et al. (1995) .
Course exam measure. The course instructor developed four MC exams over the course of the semester; the first three contained 50 items, whereas the last included 30 items. Scores on each exam were based on the percentage of correct responses. Individuals' three highest exam scores were averaged for use in the analyses.
PROCEDURE
Students completed the SAFI concept map measure and the RR measure twice, once at the beginning and again at the end of the semester; each contained an example item that was completed first. Due to the time constraints imposed by the length of the class period and concerns about participant burnout, the students did not complete both measures during class; the RR measure was always completed outside of class because it was unlikely that students would seek out information that would invalidate their scores. During the 1st week of the semester, students completed the map measure during part of one class period and the RR measure outside of class. They again completed the map measure during class after they had finished their final exam; the RR measure was again completed on their own time and returned at the beginning of the final exam period. Students were volunteers who could stop participation at any time. Students who completed all SAFI map and RR measures received credit for two extra homework assignments for their participation. They completed their exams during class.
DATA SCREENING
As occurred in the middle school study, some students were nonparticipants. To be included as a participant in the SAFI concept map measure, students had to select a response for at least 75% of the nodes on each of the three maps and select the correct answer for one obvious node. For the precourse administration, 17 students were nonparticipants; for the postcourse administration, 10 students were nonparticipants. Participants on the RR measure were defined as those students who selected a response to at least 75% of the pairs. Two students were nonparticipants on the precourse administration, 1 on the postcourse administration. Students had to complete at least three exams to be considered participants; 4 students were nonparticipants on the exam measure.
Again, scores that fell more than three standard deviations from their cell means and were discontinuous from their closest neighboring scores were considered outliers. These scores were eliminated and their cells checked again until no more outliers were identified. Two students were low outliers on the exam measure; no outliers occurred on either the pre-or postcourse administration of the SAFI map or the RR measures.
The number of students involved in each analysis varied depending on the number of students who completed the corresponding measures, as well as the number who were eliminated as nonparticipants and outliers. From the precourse administration, the analysis samples for the SAFI map measure consisted of 133 students; for the RR measure, 138 students. From the postcourse administration, the analysis samples for the SAFI map measure contained 93 students; for the RR measure, 118 students. The exam measure analysis sample contained 124 students. Pair-wise elimination was used in all analyses except the item analyses, which required list-wise deletion.
Results
We examined scores on each measure for internal consistency, tracked changes in mean scores from the SAFI map and the RR measures across the semester, and computed correlations between SAFI map score distributions and score distributions from the RR measure and the exam measure at the end of the course.
Internal consistency. Item analysis procedures again were employed to examine the internal consistency of the SAFI map scores obtained from the postcourse administration. Supporting Hypothesis 1, the value of Cronbach's alpha was .83 (N = 93). All items functioned adequately; the alpha value could not be increased by more than .01 through item elimination. The split-half reliability of scores on the RR measure was .66 (N = 118); for this analysis, each subject was given two scores, with each score containing randomly selected equal numbers of related and unrelated item pairs. The pair-wise correlations between the four exams varied from .36 to .61, with an average correlation of .52.
Score relationships. Supporting Hypothesis 2, SAFI map scores showed a mean increase from 30% correct at the beginning of the semester (SD = 11%) to 50% correct at the end (SD = 19%), dependent t(83) = 10.09, p < .0005, d = 1.30. Mean RR scores increased from .14 (SD = .14) to .38 (SD = .20), dependent t(102) = 13.17, p < .0005, d = 1.35. Both increases were large.
Supporting Hypothesis 3, correlations between postcourse SAFI map scores and each additional measure were large for students overall and for both female and male students. In addition, correlations between postcourse RR scores and MC exam scores were medium to large for students overall and for students grouped by gender. See Table 2 .
Using pair-wise deletion of missing data in multiple regression, direct MC and RR scores were related at a statistically significant level with SAFI map scores, F(2, 86) = 26.79, MSE = 19.73, p < .0005, R 2 = .38, f 2 = .62, a large effect size. Uniquely, RR scores were positively related to SAFI map scores, t(86) = 4.13, sr = .35, pr = .39, f 2 = . 20, at a statistically significant (p < .0005) level. Uniquely, MC scores also were positively and statistically significantly related to SAFI map scores, t(86) = 3.91, p < .0005, sr = .33, pr = .39, f 2 = .18. The effect sizes of both unique relationships were medium.
Discussion for Study 2
The findings from Study 2 provide evidence that the SAFI concept map format can be used to develop a measure whose scores assess connected understanding in undergraduate introductory astronomy students. As with Study 1, all hypotheses were supported. Scores from the SAFI map measure showed good internal consistency. Both SAFI map scores and RR scores showed approximately equal (in standard deviation units) large increases across the semester. The consistently large relationships between direct-instruction MC exam scores and SAFI map scores suggest that the map scores assessed some of the same kinds of course knowledge as those assessed by MC course exam scores. The sizes of these relationships fell within the usual range of correlations reported in research exploring the relationships between generated concept maps and direct-instruction MC scores (Rice et al., 1998; RuizPrimo et al., 1997 RuizPrimo et al., , 1998 . Similarly, the consistently large relationships between RR and SAFI map scores suggest that map scores also assessed some of the same kinds of course knowledge as those assessed by RR scores. However, there also was a sizable amount of variation in SAFI maps scores that was not shared with MC and RR scores, either together or alone.
Overall Discussion
The SAFI map format overcomes the limitations described for generated concept maps. First, students learn to complete fill-in maps quickly, and many like completing them. Second, although other scoring systems are possible, a simple accepted scoring system exists; the fill-in map responses can be scored as either correct or incorrect. Third, students with lower levels of communication skills can complete SAFI maps.
In addition, the SAFI map format also overcomes the limitations associated with RR techniques. First, students and teachers believe that the maps assess connected understanding. Second, students see their visual representation of the domain as they complete their maps. Third, maps contain labeled links; in fact, students must use the links (as well as the nodes) to complete their maps. Fourth, each map provides an explicit context to students. Fifth, SAFI maps can be used easily with students beginning as early as at least seventh grade, and we believe that much younger students could complete maps created using this format.
Our results provide initial evidence of the validity of scores from well-constructed SAFI maps as measures of connected understanding of science. Science SAFI concept map scores from middle school science and undergraduate astronomy students showed high internal consistency. Mean scores were higher with increased exposure to classroom learning opportunities. The SAFI map scores were strongly related to scores from a standardized MC achievement measure for middle school students, regardless of grade level, gender, or ethnicity. The relationships between SAFI concept map scores from undergraduate students with scores from direct-instruction MC exams and with scores from an RR measure were appreciable regardless of the students' gender.
Assessment formats based on concept maps, RR (or any other kind of structural knowledge technique), and MC exams (or any other kind of traditional classroom assessment) rarely are included in the same research stud-ies. The dearth of this kind of comparative study makes it difficult to sort out what aspects of connected understanding these formats do and do not assess. Study 2 makes an important beginning contribution in this area.
